ABSTRACT Lygus hesperus Knight (Hemiptera: Miridae) is a key pest of cotton (Gossypium spp.) in the western United States that injures ßoral buds (squares) and developing fruit (bolls). Levels of Lygus-induced damage to cotton can vary by Lygus ages or gender, and these variations complicate interpretation of studies designed to elucidate Lygus and cotton interactions. Variations in observed injury may reßect different behaviors among Lygus gender or ages. We compared times allocated to feeding and trivial movement between male and female adult L. hesperus of different reproductive states: prereproductive, reproductive and mated, and reproductive and unmated. Prereproductive adults exhibited less trivial movement and spent more time stylet-probing compared with reproductive unmated and mated adults. Mated females stylet-probed more times than other classes of adults, whereas mated and unmated reproductive females exhibited more test probes (Յ10 s duration) than prereproductive females. Reproductive females probed the anther region of squares less than prereproductive females. Instead, reproductive females tended to stylet-probe squares below the bracts, which is also where they oviposited. Each oviposition event was preceded by a short duration stylet-probe at the oviposition location. Unmated reproductive males exhibited more test probes but fewer ingestion probes (Ͼ1 min) compared with prereproductive and mated males. These results indicate a pattern in which prereproductive adults are less active and feed more compared with reproductive adults, but behaviors vary among reproductive adults of different gender and mating states. We propose that differences in behaviors exhibited among adult L. hesperus are related to the different requirements imposed by mate seeking, mate attraction, and oviposition.
Lygus hesperus Knight and Lygus lineolaris (Palisot de Beauvois) (Hemiptera: Miridae) are key agricultural pests in the western and mid-southern United States, respectively. Lygus spp. are polyphagous, and damage a wide-range of crops including fruits such as strawberry (Fragaria ϫ ananassa Duchesne), vegetable crops, seed alfalfa (Medicago sativa L.), and cotton (Gossypium spp.) (Cohen 2000) . On cotton, Lygus feed on ßoral buds (squares) and developing fruit (bolls), damaging the anthers or seeds and leading to increased abscission of squares and bolls. Damage to cotton caused by Lygus feeding can be highly variable, and observed square or boll losses are often inconsistent with estimates of Lygus populations (Rosenheim et al. 2006) . These inconsistencies complicate management decisions and hamper efforts to unambiguously elucidate Lygus and cotton interactions (Scales and Furr 1968 , Gutierrez et al. 1977 , Mauney and Henneberry 1984 , Leigh et al. 1988 . A source of variability proposed to explain the inconsistencies in Lygus-induced damage is behavioral differences among Lygus life-stages and gender (Rosenheim et al. 2006) . Wilson et al. (1984) reported that adults were primarily located on bolls while nymphs were primarily located on squares, but the relative contributions of different Lygus stages to square and boll damage have not been thoroughly investigated. Previous studies that investigated Lygus stage-dependent damage to cotton produced conßicting conclusions. Some studies indicated that adults caused more damage than nymphs (Gutierrez et al. 1977, Zink and Rosenheim 2005) , while other studies indicated the opposite (Jubb and Carruth 1971) , or indicated no differences between damage caused by nymphs and adults (Rosenheim et al. 2006) . Because of the inconsistencies among published studies, it is not possible to explicate clear patterns corresponding to Lygus stagedependent square or boll losses.
Although previous studies have compared injury to cotton caused by different Lygus life-stages, few studies have attempted to describe or compare adult genMention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.der or age-dependent feeding behaviors (Zink and Rosenheim 2005 ). An improved understanding of Lygus behavior would allow us to standardize experiments and to relate rates of feeding injury on host plants to variations among Lygus stage-dependent behaviors. Preliminary studies suggested that adult feeding behaviors differed among combinations of gender and reproductive state suggesting that ÔadultÕ is a heterogeneous classiÞcation (Cooper and Spurgeon 2010) . We used high-deÞnition video to monitor L. hesperus trivial movement, stylet-probing durations and locations on squares, and oviposition behaviors, and compared these behaviors among combinations of adult gender and reproductive state (prereproductive, reproductive and mated, and reproductive and unmated).
Materials and Methods
Behavior Assays. Before each feeding assay, fresh cotton squares (6 Ð7 mm in diameter) were collected from Acala cotton (G. hirsutum L., ÔPhytoGen 72Õ) grown in greenhouse conditions (20 Ð30ЊC, 14:10 [L:D] h). Bracts were removed from the squares to facilitate an unimpeded view of L. hesperus behaviors. Each square was rinsed with deionized water and partially embedded horizontally in parafÞn within a 50-mm petri dish (Fisher, Pittsburgh, PA). Squares were positioned to expose half of their surface to L. hesperus feeding to provide unobstructed views of insect behaviors. Because the absence of extra-ßoral nectaries reduces the attractiveness of cotton to Lygus (Meredith et al. 1973) , at least one nectary at the base of each square was left exposed. After the wax was cooled to room temperature, a single L. hesperus adult was conÞned within the petri dish. L. hesperus were not starved before assays to avoid associated behavioral artifacts.
Behaviors were compared among adult L. hesperus gender and reproductive states (prereproductive, reproductive and mated, and reproductive and unmated). L. hesperus adults typically do not mate until 3Ð5 d after adult eclosion (Strong et al. 1970 , Brent 2009 ). Thus, adults Ͻ3 d old were considered prereproductive. Most L. hesperus adults kept in mixedgender colonies are mated by 7 d after adult eclosion (our unpublished data). Therefore, 7Ð10-d-old adults were considered reproductive. Adults used in the study were Յ4 generations removed from the Þeld population, and were maintained within environmental chambers at 26.6 Ϯ 0.1ЊC, with 40% relative humidity and a photoperiod of 14:10 [L:D] h until feeding assays were conducted. The colony was started in October 2009 from L. hesperus collected from alfalfa Þelds, and was maintained on green bean pods (Phaseolus vulgaris L.) and sunßower seeds (Helianthus annuus L.). Prereproductive adults were held individually for Ͻ3 d in 18.5-ml plastic vials with ventilated lids (Thornton Plastics, Salt Lake City, UT). The adult in each vial was supplied with a section of green bean pod. To acquire reproductive adults, L. hesperus were held in same gender (unmated) or mixed gender (mated) groups of 6 Ð10 adults in clear plastic rearing containers (15 cm in diameter, 8 cm in height, Pioneer Plastics Inc. Dixon, KY) containing green beans for 7Ð10 d before assays. After each assay the tested bug was dissected to conÞrm mating status. Mating was indicated by the presence of a spermatophore in the female or by partially-depleted accessory glands in the male.
Lygus hesperus (n ϭ 10/combination of gender and reproductive state, N ϭ 60 total) were recorded individually for 4 h using two high-deÞnition digital cameras (Sony Handycam HDR-CX100, Sony Corporation, Tokyo, Japan) at rates of 30 frames/s. Unobstructed views of behaviors were facilitated by recording from opposing sides of the square, with each camera elevated to point downward at an angle of 45Њ from horizontal. An overhead incandescent lamp and two small ßuorescent lamps provided light. Cameras, lights, and the experimental arena were cloaked with a white cloth to minimize disturbance to the insects from activities within the laboratory. A small fan was used to remove heat produced by the lamps from under the cloth and the temperature near the petri plate was monitored with a HOBO Data Logger (Onset, Pocassett, MA). The temperature near the plate was typically 29.5ЊC. Recorded videos were viewed using Adobe Premiere Pro CS4 (Adobe Systems, Mountain View, CA).
L. hesperus Behaviors. Collected data included the time points when insects moved on or off squares and duration of each stylet-probing event. Stylet-probing behaviors were monitored by directly viewing the proboscis, which bends between the third and fourth segments when the stylets are inserted into the host. The locations on the squares of individual styletprobes were recorded on digital photos obtained from each video. Based on the internal and external anatomy of 6-mm-diameter squares, probe locations were categorized as: A) region of the square with developing anthers, B) region of the square containing the ovary, C) extraßoral nectary, and D) base of the square and peduncle (Fig. 1) . In addition to trivial movement and feeding behaviors, the occurrence of each oviposited egg and each oviposition attempt was recorded; the latter was signiÞed when a female inserted her ovipositor into the square tissue regardless of whether an egg was oviposited.
Statistical Analyses. Dependent variables for analyses of trivial movements were 1) total time on the square, 2) mean duration of intervals on the square, and 3) number of times leaving the square. Dependent variables for analyses of probing behaviors were 1) mean duration of stylet-probe intervals, 2) number of individual stylet-probing events, and 3) the proportion of time spent stylet-probing while the bug was on the square. Analyses of trivial movements and probing behaviors were analyzed by analysis of variance (ANOVA) using PROC GLIMMIX (SAS Institute 2008) with gender, reproductive state, and their interaction as Þxed effects. The number of oviposition events were analyzed between unmated reproductive females and mated females using the GLIMMIX pro-cedure with reproductive state as the Þxed effect. Differences among means were analyzed using the ADJUST ϭ SIMULATE option of the LSMEANS statement. Each 4-h assay, which consisted of a different L. hesperus adult and a fresh square, was considered an experimental unit. Data were examined for heterogeneity of variance and non-normality of errors by inspecting residual and normal quantile-quantile plots, respectively. Based on these plots the proportions of time probing while on squares were arcsine squareroot transformed and all other data were log-transformed before analysis. Untransformed means and standard errors are presented.
In separate analyses, stylet-probes were categorized based on durations corresponding to test probes, salivation and laceration probes, and ingestion probes as reported by Backus et al. (2007) . Test probes were Յ10 s, salivation and laceration probes were Ͼ10 sÐՅ1 min, and ingestion probes were Ͼ1 min. The frequency of each class of stylet-probe duration was analyzed for reproductive state, gender, and their interaction using logistic regression (PROC LOGISTIC, SAS Institute 2008). Wald 95% conÞdence intervals for odds ratios were used to determine signiÞcance among simple effects when signiÞcant interactions between reproductive state and gender were detected, and signiÞcance among reproductive states when analyses detected a signiÞcant effect for reproductive state but did not detect a signiÞcant reproductive state by gender interaction.
The frequency of stylet-probes on the different square locations was analyzed using logistic regression (PROC LOGISTIC, SAS Institute 2008). Wald 95% conÞdence intervals for odds ratios were used to determine signiÞcance among levels of simple effects when signiÞcant interactions between reproductive state and gender were detected, or among reproductive states when the interaction was absent.
Results
Residence Time. There was no signiÞcant gender by reproductive state interaction for the total time L. hesperus spent resident on squares (F ϭ 2.18; df ϭ 2, 56; P ϭ 0.123), but there were signiÞcant gender and reproductive state effects (F ϭ 5.76; df ϭ 1, 56; P ϭ 0.020, and F ϭ 4.18; df ϭ 2, 56; P ϭ 0.020, respectively). Similarly, there was no signiÞcant gender by reproductive state interaction for the mean duration of L. hesperus residence on squares (F ϭ 1.09; df ϭ 2, 56; P ϭ 0.344), but there were signiÞcant gender and reproductive state effects (F ϭ 4.32; df ϭ 1, 56; P ϭ 0.042, and F ϭ 8.37; df ϭ 2, 56; P Ͻ 0.001, respectively). Females spent more total time and longer durations on squares compared with males, regardless of reproductive state (Table 1) . Prereproductive adults spent more total time and longer durations on squares compared with both mated and unmated reproductive adults, regardless of gender (Table 1) . There was no signiÞcant gender by reproductive state interaction for the number of times L. hesperus left squares (F ϭ 1.33; df ϭ 2, 56; P ϭ 0.273), and no signiÞcant gender effect (F ϭ 1.98; df ϭ 1, 56; P ϭ 0.165). However, prereproductive adults left squares less frequently compared with mated and unmated reproductive adults, regardless of gender (F ϭ 7.59; df ϭ 2, 56; P ϭ 0.001) ( Table 1) .
Stylet-Probe Behaviors. There was no signiÞcant gender by reproductive state interaction for the mean stylet-probing duration (F ϭ 0.17; df ϭ 2, 56; P ϭ 0.848), and no signiÞcant differences between gender (F ϭ 1.92; df ϭ 1, 56; P ϭ 0.172). However, the probing intervals exhibited by prereproductive adults were longer compared with probing intervals by mated and unmated reproductive adults, regardless of gender (F ϭ 19.28; df ϭ 2, 56; P Ͻ 0.001) ( Table 2 ). There was a signiÞcant gender by reproductive state interaction observed for the number of probes per L. hesperus (F ϭ 4.50; df ϭ 2, 56; P ϭ 0.016). Mated females stylet-probed squares more times compared with L. hesperus of other gender and reproductive state combinations, which did not differ (Table 2 ). There was no signiÞcant gender by reproductive state interaction for the proportion of time stylet-probing while on squares (F ϭ 0.28; df ϭ 2, 56; P ϭ 0.755), and no signiÞcant differences between gender (F ϭ 0.04; df ϭ 1, 56; P ϭ 0.850). However, prereproductive adults spent a greater portion of their time stylet probing while on squares compared with mated and unmated reproductive adults, regardless of gender (F ϭ 8.80; df ϭ 2, 56; PϽ0.001) ( Table 2) .
Logistic regression of the proportion of total probes that were test probes (Յ10 s) revealed a signiÞcant gender by reproductive state interaction ( 2 ϭ 13.79; df ϭ 2; P ϭ 0.001). The proportion of probes that were test probes was higher for unmated and mated reproductive females than for prereproductive females, and unmated males exhibited a higher proportion of test probes than did prereproductive males and mated males (Fig. 2) . Analysis of the proportion of total probes that were salivation and laceration probes (Ͼ10 s but Յ1 min) did not detect a signiÞcant gender by reproductive state interaction ( 2 ϭ 0.22; df ϭ 2; P ϭ 0.896) or signiÞcant differences between gender ( 2 ϭ 0.52; df ϭ 1; P ϭ 0.473) or among reproductive states ( 2 ϭ 1.15; df ϭ 2; P ϭ 0.562) (Fig. 2) . Analysis of the proportion of total probes that were ingestion probes (Ͼ1 min) detected a signiÞcant interaction between gender and reproductive state ( 2 ϭ 16.42; df ϭ 2; P Ͻ 0.001). Prereproductive females exhibited more ingestion probes than did unmated or mated reproductive females, and both prereproductive males and mated males exhibited more ingestion probes than did reproductive unmated males (Fig. 2) .
Stylet-Probe Locations. Analysis of the proportion of total stylet-probes that occurred on the region of the squares with developing anthers revealed a signiÞcant interaction for gender and reproductive state ( 2 ϭ 17.21; df ϭ 2; P Ͻ 0.001). Unmated and mated reproductive females stylet-probed the anther region of squares proportionately less than did prereproductive females, but the proportion of stylet-probes in the anther regions did not differ among males of different reproductive states (Fig. 3 ). There were no signiÞcant differences among the different classes of L. hesperus for the proportion of stylet-probes on the region of squares containing the ovary (main effect interaction 2 ϭ 1.89; df ϭ 2; P ϭ 0.390, gender 2 ϭ 0.51; df ϭ 1; P ϭ 0.477, reproductive state 2 ϭ 1.02; df ϭ 2; P ϭ 0.599) or on extraßoral nectaries (main effect interaction 2 ϭ 4.49; df ϭ 2; P ϭ 0.106, gender 2 ϭ 0.07; df ϭ 1; P ϭ 0.796, reproductive state 2 ϭ 0.69; df ϭ 2; P ϭ 0.707) (Fig. 3) . There was no signiÞcant gender by reproductive state interaction for the proportion of stylet probes occurring on the square peduncles ( 2 ϭ 4.35; df ϭ 2; P ϭ 0.114), and no signiÞcant differences among reproductive states ( 2 ϭ 2.71; df ϭ 2; P ϭ 0.258). However, stylet-probes in the peduncles rep- resented a higher proportion of total probes for females than for males, regardless of reproductive state (female, 0.14 Ϯ 0.02; male, 0.10 Ϯ 0.02; 2 ϭ 7.67; df ϭ 2; P ϭ 0.006).
Oviposition Behaviors. None of the prereproductive females exhibited oviposition behaviors, but 40% of reproductive unmated females and 90% of mated females attempted oviposition. There were signiÞcant differences in the number of oviposition attempts (F ϭ 5.40; df ϭ 1, 18; P ϭ 0.032) and the number of eggs oviposited (F ϭ 8.28; df ϭ 1, 18; P ϭ 0.010) by reproductive unmated and mated females. Unmated females exhibited a mean (ϮSE) of 3.0 (Ϯ 2.3) oviposition attempts per female and oviposited a mean of 1.1 (Ϯ 1.1) eggs per female whereas mated females exhibited a mean of 6.4 (Ϯ 2.4) oviposition attempts and oviposited 5.2 (Ϯ 1.1) eggs. Each oviposition attempt, regardless of whether an egg was oviposited, was preceded by a short duration (4 Ð10 s) stylet-probe at the location where the ovipositor was subsequently inserted. Eggs were typically oviposited near the square peduncles, and were always oviposited below the square bracts.
Discussion
Our observations indicate that gender and reproductive state of adult L. hesperus inßuence the extent of residence time on squares and associated feeding behaviors. There was no difference in the number of times males and females left squares, but females spent more total time on squares and remained on squares for longer durations than males, which is consistent with the report by Zink and Rosenheim (2005) . Prereproductive adults spent more total time on squares and remained on squares for longer durations than reproductive adults. Prereproductive adults also spent more time stylet-probing while on squares, and styletprobed for longer durations compared with reproductive adults. Previous studies concluded based on behaviors of L. hesperus and L. lineolaris tethered to ßight mills that prereproductive adults initiate ßight less often compared with reproductive adults (Stewart and Gaylor 1994, Blackmer et al. 2004) . Furthermore, the number of spermatophores per female was positively correlated with the ßight by mated females (Blackmer et al. 2004) . It is possible that the differences in behaviors between prereproductive and reproductive adults may be related to the different requirements imposed by mate seeking, mate attraction and, oviposition. For example, prereproductive adults may be less active and may feed more, relative to reproductive adults, to build energy reserves in preparation for mating and oviposition. Activity levels may increase and feeding decrease as reproductive adults partition more time to behaviors such as mate seeking and oviposition.
Consistent with our preliminary study (Cooper and Spurgeon 2010) , stylet-probing behaviors tended to differ between males and females, and were further inßuenced by mating history. Unmated reproductive males exhibited more test probes and fewer ingestion probes than either prereproductive males or mated males. Potentially, unmated males may exhibit fewer ingestion probes while mate searching, whereas after mating, males may increase ingestion probes to facilitate replenishment of the accessory glands. In this scenario, ingestion probes by recently mated males might be expected to increase once the contents of the accessory glands have been replenished, and this hypothesis can be tested.
Mated females stylet-probed squares more times than adults of any other gender by reproductive state combination, whereas reproductive females, regardless of mating status, exhibited more test probes and fewer ingestion probes than prereproductive females. Reproductive females tended to stylet-probe the anthers of squares proportionately less than did other L. hesperus gender by reproductive state combinations. This difference was reßected by a larger number of stylet-probes by reproductive females in the region of the squares below the bracts (extraßoral nectaries and peduncles, Fig. 2 ). Reproductive females also exhibited oviposition behaviors, which may explain the large number of stylet-probes by mated females, and the greater number of stylet-probes in regions other than the anthers observed for both unmated and mated reproductive females. Oviposition behaviors were always observed on the region of squares below the bracts which included the peduncles, a portion of the ovaries, and the extraßoral nectaries. Before every oviposition event, regardless of whether an egg was oviposited, females stylet-probed the location where the ovipositor was subsequently inserted. Potentially, many of the short duration stylet-probes observed for reproductive females were associated with searching behaviors for suitable oviposition locations (Romani et al. 2005) . Saliva injected by Lygus while feeding causes injury to host tissues (Strong and Kruitwagen 1968) , but it is unknown whether females inject saliva during stylet-probes associated with oviposition behaviors, or if these stylet-probes are entirely sensory. If saliva is injected during stylet-probes associated with oviposition, then mated females could potentially be more damaging to cotton fruiting forms, or to the ßoral or fruiting structures of other host plants, than are adults representing other combinations of gender and reproductive state. However, leaf peduncles are a preferred oviposition site by Lygus and comparatively fewer eggs are oviposited into cotton squares (Benedict et al. 1983) . The roles of stylet-probes before oviposition and their potential consequences to plant injury require further investigation. Regardless, the combined observations of male and female probing behaviors yielded patterns that were consistent with our hypothesis to explain variations in behaviors between prereproductive and reproductive adults; that differences in observed feeding behaviors among male and female adult L. hesperus may be driven by different priorities (mate searching and attraction versus oviposition) of these respective groups.
In summary, results of our study indicate that feeding behaviors differ among adult L. hesperus of different gender and reproductive state, and are consistent with results of our preliminary study that used lowresolution video monitoring of L. hesperus behaviors (Cooper and Spurgeon 2010) . In general, prereproductive adults spent more time on squares and more time feeding compared with reproductive adults. Once adults reached reproductive age (Ͼ7 d after eclosion), behaviors were inßuenced by mating history. We do not conclude, on the basis of available data, that observed movement and feeding times are representative of those occurring in the Þeld. However, the variations we observed in behaviors among combinations of gender and reproductive state may correlate to variations in square or boll loss rates on cotton, or injury caused to other crops. Although previous studies compared injury responses of cotton caused by Lygus adults and nymphs, the results varied (Jubb and Carruth 1971 , Gutierrez et al. 1977 , Zink and Rosenheim 2005 , Rosenheim et al. 2006 . No previous study has compared injury responses among combinations of adult Lygus gender and reproductive state. It is clear from our data that comparisons of host injury induced by different gender of Lygus adults are incomplete in the absence of information regarding adult age and reproductive status. Our results indicate ÔadultÕ is a heterogeneous classiÞcation, and general comparisons of host injury caused by Lygus adults and nymphs may be confounded by behavioral variations among Lygus adults of different gender and reproductive states.
